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I 

( 1 9 6 5 ) ,  s t u d J e d  , t l w  infl,uer!ce of ; t r m p e r a ' t u r ~ . ,  p r e s s u r e ,  hydrogen- .  
011 ' r a t i o , ,  d i l u e n t s , , .  arid c a t a l y s t s  on t h e  h y d r n c r a c k i n g  of l o w  
t e m p e r a t u r e  t ' a r s  and r e p o r t e d  minimum c o k e  4 i e ' l d s  u s i n g  t e t r a l i n  
and  c y c l o h e x a n e  a s  d i l u e n t s .  K a t s n b b s h v  1 1 1  and  E ; l b e r t  (1906)  
r e p o r t e d  .a y i e l d  of 83 .8% s a l e a b l e .  p r o d u c t s  when a t a r  d i s t i y l l a t e  
b o i l i n g  f r o m . 2 3 0 °  t o  360oc was h y d r o c r a c k e d  i r i  a c o n t i n u o u s  f i x e d  
bed r e a c t o r  a t  ,SO@.o to 5 5 0 O C  and 5 0  a t m o s p h e r e s  u n d e r  r e c y c l e  con-  
d i t i o n s .  T h e .  ec:onomIc f e a s i b i  11 t y  of  pr-od.ucing g a s o l i n e '  f r o m  c o a l  
by t h e  H-.coal p r n c a s s ,  w h e r e i n  t h e  h e a v y  o i l  p r o d u c e d  i n  t h e  . f irst  
s t a g e  was  hydr'.ocrat k c d  i n  a s l l b s e q u e n t  s t a g e  ~ was d e m o n s t r a t e d  , by  
t h e  r e s u l t s  pub.1ishe.d by X l p r r t ,  F S  a : l  ( ' 1 ? 6 6 ) ,  Z i e l k e ,  e t  a 1  
(1966) .  1 n v e s t . i g a t e d  the. s u i t a b i l i t y  c f  z inci h a l l i d e  c a t a l y s t s  f o r  
h y d r o c r a c k i n g  c:oa'l c - - x t r a c t s  f n r  t h e  p r o d u c t i o n  of g a s o l i n e .  The 
r e s ~ l t s  ind ica t .Ed  t h a t  0 maximuni y i c . l d  of 68% of  g a s c r l i n e .  c o u l d  
b e  o b t a i n e d  a t  4 2 7 ° K .  4 2 0 0  p s i  p r e s s u r e  and 60 m i n u t e s  r e a c t i o n  
t i m e .  I n  t h e  pre . ,cen t  . c o m m u n i c a t i o n ,  t h e  results of h y d r o c r a c k i n g  
o f  a , l o w  t e m p e r a t u r e  c o a l  t a r  i n  a b a t c h  a u t o c l a v e  o v e r  a c a t a l y s t  
c o n t a i n i n g . , s u l p h i d e s  of n i c k e l  and t u n g s t e n ,  s u p p o r t e d  o n  s i . l i c a -  
a l u m i n a ,  a r e  d e s c r  i b t d  The i n f l u e n c e  of t e m p e r a t u r e  and p r e s s u r e  
o n  p roduc t ,  d i . s t r i b - l t i o n  and k i n e t i c ;  ev i>Lud t i t i n  o f  the d a t a  a r e  
p r e s e n t e d .  

- E x p e r i m e n t a l  

- M a t e r i a l s .  
. .  . .  

L o w  t e m p e r a t u r e .  t a r  from a ' h i g h  v o l a t i l e  b i t u m i n o u s  coa l  from 
I : t a h  w a s  p r e p a r e d  b y  c a r b o n i z a t i o n  a t  5 5 O o C  i n  a l a b o r a t o r y  o v e n .  
The l i g h t  o i l .  b o i l i n g  u p  t o  200°C was se .pa ra t ed  f r n m  t a r  by d i s . - .  
t i l l a t i o n  (Table .  1 1 .  T h e  c a t a l y s t  ( c o m m e r c i a l )  c o n t a i n e d  6% , n i c k e l  
and  19% - t u n g s t e n ,  b c t t i  a s  s u 1 p h i d e s ;  s u p p o r t e d  o n  si l i c a - . a l u m i n a  
and  had a s u r f a c e  a r e a  o f  2 1 2  s q .  m e t e r s  per gram a n d  s i z e  of -200 
mesh, .  5-A mole.cu:l.&r s i e v e s  were of c t i r .omatograpl i . i c  g r a d e .  

E q u i p m e n t ,  
, 

A 1 - l i t r e  h i g h  p r e s s u r e  aau toc lave  w i t h  a m a g n e t i c  d r i v e  
s t i r r e r ,  p r e s s u r e  arld t e m p e r a t u r e  c o n t r o l  d e v i c e s ,  l i q u i d  and  gas  
s a m p l i n g  l i n e s ,  and w a t e r  q l i e n c h i n g  s y s t e m  ( F i g u r e  1 )  and  h y d r o g e n  
c y l i n d e r s  w i t h  maximum p r e s s u r e  of 2 3 0 0  p s i  were u s e d .  

- P r o c e d u r e  f o r  hydror Lack i n g  e x p e r i m e n t s  

I n  eac l i  e x p c r i r n e r i t  1 0 0  c I C  of t a r  and 10  g r a m s  of t h e  c a t a l y s t  
were u s e d  Ttie e q u i p m e n t  was e v a c u a t e d  t o  remove most  o f  t h e  a i r ,  
f i l l e d  w i t h  hydroger i  arid h e a t e d  t o  t h e  d e s i r e d  t e m p e r a t u r e .  The 
t e m p e r a t u r e  I-os- t o  3 O O o C  i n  2 1  m i n u t e s  and 500°C i n  2 8  m i n u t e s .  
The r e a c t l o n  t i m f  w d s  t a k e n  from t h e  s t a r t  of  h e a t i n g  t h e  e q u i p m e n t .  
k h e n  t h e  r e a c t i o n  t c  r n p e r a t u r e  was  r e a c h e d ,  t h e  p r e s s u r e  was a d j u s t e d  
to t h e  e x p e r i m e n t a l  v a l u e  and m a i n t a i n e d  c o n s t a n t  t h r o u g h o u t  e x c e p t  
i n  e x p e r i m e n t s  c.ontlucted a t  p r e s s u r e s  h i g h e r  t h a n  2000 p s i  where  
t h e r e  w a s  a r e d u c t ~ o ~ l  1 1 1  p r t s s u r e  o f  a b o u t  200  t o  300 p s i  d u r i n g  
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t h e  c o u r s e  of t h e  e x p e r i m e n t  E x p e r i m e n t s  were c o n d u c t e d  a t  d i f -  
f e r e n t  r e a c t i o n  t i m e s  and 4 g a s  s a m p l e s  were t a k e n  o u t  d u r i n g  e a c h  
e x p e r i m e n t .  A t  t h e  e n d  of t h e  r e a c t i o n  t i m e ,  h e a t i n g  w a s  s t o p p e d  
and t h e  p r o d u c t  was q u e n c h e d  r a p i d l y  b y  c i r c u l a t i n g  w a t e r  i n  t h e  
c o o l i n g  c o i l  immersed  i n  i t .  I t  t o o k  1 t o  2 m i n u t e s  t o  c o o l  t h e  
p r o d u c t  down t o  250°C and 1 5  m i n u t e s  t o  a t m o s p h e r i c  t e m p e r a t u r e .  
The p r e s s u r e  was  t h e n  r e  l e a s e d  s l o w l y  and t h e  a u t o c l a v e  o p e n e d .  
T h e  prnr_luct w a s  t r ~ n s f ~ r r ~ r l  to a b e a k F r :  filtered t o  remove t h e  
c a t a l y s t ,  and t h e  w a t e r  s e p a r a t e d  t o  ge t  t h e  t o t a l  o i l  p r o d u c t ,  
The m e c h a n i c a l  l o s s e s  were  f o u w l  t o  be l e s s  t h a n  1%- The y i e l d  o f  

' t h e  p r o d u c t  was t a h e f i  a s  J O @ %  and 100 m i n u s  t h e  t o l u m e  of t h e  t o t a l  
o i l  p r o d u c t  was t a k t n  A S  p e r c e n t  c o n v e r s i o n  t o  g a s  A f e w  c.c o f  
t h e  t o t a l  o i l  p r o d u c t  were  osed f o r  s u l f u r  and n i t r o g e n  a n a l y s i s  
and t h r  r e m a i n d e r  was washed w i t h  10% s o d i u m  h y d r o x i d e  and 20% 
s u l p h u r l c  a c i d  t o  remove t a r  acid.-  and b a s e s  r e s p e c t i v e l y  The 
n e u t r a l  0 1 1  was then d i s t i l l e d  i n t o  3 g a s o l i n e  f r a c t i o n  b o i l i n g  u p  
t o  20OoC a d i e s e l  n i l  f r a c t i o r i  b o i l i n g  from 200° t o  360°C and 
r e s i d u e .  T h e  volume of E a t h  f r a c t i o ?  i n  c cy o b t a i n e d  f r o m  t h e  
t o t a l  o i J  p r o d u c t  was t a L e i i . a s  volum6 p e r c e n t  c o n v e r s i o n  t o  t h a t  
p a r t i c u l a r  f r a c t i o n  

---- P r o d u c t  a n a  1 ~ s  

S u l f u r  was d t - t e r m i i i e d  b j  t h e  bomb method and n i t r o g e n  b y  t h e  
C-11-h c h r o m a t o g r a p h i c .  a n ~ l y z r r  F M .  Model  1 8 5 -  Tar. a c i d s  and 
b a s e s  were e s t i m a t t d  b y  c x t r a c t i o n  w i t h  10% sodium h y d r o x i d e  and 
205 s u l p h u r  i c  ac i d  r e s p e c  ti v t  Ly H y d r o c a r b o n -  t y p e  a n a l y s i s  was 
d o n e  by t h e  F l u o r e s c e n t .  l n d  i r a t o r  A d s o p r t i o n  method (ASTM, D1319-  
6 5 " )  F o r  the e s t i m a t i o n  o f  n a p h t h e n e s  and i s o p a r a f f i n s ,  t h e  
s a t u r a t e d  h y d r o c a r b o n  p o r t i o n  was f i r s t  s e p a r a t e d  f r o m  t h e  m i x t u r e  
b y  s u l p h o n a t i o n  w i t h  a m i x t u r e  o f  70% c o n c e n t r a t e d  s u l p h u r i c  a c i d  
and 30% p h o s p h o r u s  pe n t o x  i d e  (AZTM, D1019-62) The n a p h t h e n e s  
were e s t i m a t e d  by tlie r e f r a c t i v i t y  i n t e r c e p t  method (ASTM,  D1840- 
6 4 ) .  The h p a r a f f i n  c o n t e n t  was d e t e r m i n e d  -by a r l g o r p t i o n  o v e r  , 
5 - A  m o l e c u l a r  SIEYFS i n  a gla'ss co lumn of O C ' 5 - i n c h  d i a m e t e r  and 
7 . 5 - f o o t  l e n g t h  The i s o p a r a f f i n s  w e r e  o b t a i n e d  by t h e  d i f f e r e n c e .  
T h e  d i e s e l  i n d e x  was c a l c ~ ~ l a t e d  f rom A P I  g r a v i t y  and a n i l i n e  p o i n t .  
The g a s  a n a l y s i s  was d o n e  by g a s  c h r o m a t o g r a p h y  i n  t h e  F M. Model 
720 d u a l  co lumn p r o g r a m w d  t e m p e r a t u r e  g a s  c h r o m a t o g r a p h .  

- R e s u l t s  and D i s c u s s i o n  

- P r o d u c t  d i s t r  ibu-. 

The  y i e l d  of g a s o l i n e  and gas and t h e  i s o - n o r m a l  r a t i o  i n  
b u t a n e s  i n c r e a s e d  w i t h  t e m p e r a t u r e  w h e r e a s  t h e  d i e s e l  o i l  d e c r e a s e d  
w h i l e  t h e  r c s i t l u e  r e m a i n e d  a l m o s t  t h e  same ( F i g u r e  2 ) .  Tar a c i d s  
and  bases were removed c o m p l e t e l y  a l o n g  w i t h  most of t h e  s u l f u r  
and n i t r o g e n  a t  45OoC and 1500 p s i  p r e s s u r e  ( T a b l e  1 1 ) .  I s o m e r i z a -  
t i o n  i n c r e a s e s  w i t h  c r a c k i n g  and t h e  g a s  y i e l d  and  i s o - n o r m a l  r a t i o  
i n  b u t a n e s  a r e  q u a l i t a t i v e  i n d i c a t i o n s  of t h e  e x t e n t  of c r a c k i n g  
rezct:ons t a k i c g  p l a c e  l e a d i n g  t o  t h e  f o r m a t i o n  of g a s o l i n e .  A 
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I 
'I 

1 

p r e s s u r e  o f  I j 0 0  p s i  1 s  s u f f i c , i e n t  to  s u p p r e s s  coke.-form.ing r e a c -  
t i o n s  and t h e  g a s o l i n e  is former: m a i n l y  b y  t h e  c r a c k i n g  of t h e  
d i e s e l  o i l ,  t h e r e . b y  a f f e : c t i n g  the q u a n t i t y  and  q u a l i t y  of t h e  
l a t t e r .  The c o m p o s i t . i n n  o f  g a s o l i n e  o b t a i n e d  a t  d i f f e r l e n t  t e m p e r -  
a t u r e s  r e m a i n s  a l m o s t  t h e  same and t h e  a r o m a t i c s  of t h e  g a s o l i n e  
a r e  m a i n l y  for-med b y  . t h e  . d e a : l k y l a t . i o n  of a l k y : L b & n z e n e s ,  hydro -  , . 
c r a c k i n g  o f  I i y d r . o . . a r o m a t i c s ,  , a n d  hydro re -mova l  o f  s u l f u r ,  o x y g e n ,  
a n d  n i t r o g e n  c o m p o u n d s .  

, The, g a s o l i n e  .y ' ie  16 i n c r e a s e d  a t  r l i f f e r e . n t  r a t e s  w i t h  pr%ssure 
( F i g u r e  3'). T h e  r a t e  q f  g a s o l i n e  f o r m a t i o n  w a s  h i g h  i n  t h e  p r e s -  
s u r e  range 1 0 0 0  t o  1 5 0 0  ps-I s : towing ,  tiown i n  t h e  r a n g e  1500 to  
2500 p s i ,  and , i n c r e a s i n g  a g a i n  a t  1 ) ighe . r  p r e s s u r ~ s .  The r e s i d u e  
d e c r e a s e d  r a p i d l y  i n  t h e  r a n g e  1 0 3 0  t o  1500  p s i  but, t h e  d e c , r e a s e  
w a s . s m a l 1  a t  h i g h e r  p r6 . s su re . s  00 t h e  i . t h e r  h a n d ,  t h e  g a s  y i e l d  
aiid i s o - n o r m a l  r a t i o  i n  b u t a n e s  r e a a i n e d  ar tmost  c o n s t a n t  u p  t o  a 
p r e s s u r e  o f  l 5 O O  p s i  a,nd i n c r e a s e d  a t  h . ighe r  pressures ( F i g u r e  4 ) .  
P r e s s u r e  doe.s riot Iiave a marked i n f l u e n c e  o n  c r a c k i n g  r e a c t i o n s  i n  
t h e  r a n g e  1000 t o  1 5 0 0  p s i  b u t  the.  i n c r e a s e  i n  t h e  y i e l d  o f  gaso- 
l i n e  is d u e  t o  t h e  s u p p r e s s i o n  o f  t h e  c o k e . f o r m i n g  r e a c t i o n s .  I n  
t h e  r a n g e  21700 t o  2500  p s i -  p a r t i a l  h y d r o g e n a t i o n  o f  a r o m a t i c s  t o  
h y d r o . . a r o m a t . i c s  t a k e s  p l a c e  fo'L'1owc.d b y  t h e  c r a c k i n g  of t h e  l a t t e r  
w h i c h  i n c r e a s e s  t h e  y i e  Id  of g a s o l i r i c '  and  t h e  a r o m a t i c  c o n t e n t  
( F i g u r e s  5 t o  7 ) .  A t  l?iglie:r p r ~ s s l u r e s  c o m p l e t e  hydr .ogena t . i on  of 
a r o m a t i c s  to  i i aph the .ns s  tak.6.s p l a c e  and i n c r e a s e s  t he  g a s o l i n e  
y i e l d .  The n a p h t h e w s  i n  t h e  g a s n ' l i n e  i n c r e a s e  w i t h  a c o r r e s p o n d -  
i n g  d e c r e a s e  j i i  t h e  a r n m a t  its. I s n m e r y i z a t i o n  i n c r e a s e s  w i t h  pres- 
s u r e  antl temper  a t u r e  . ll.igh~ arc?ma t ic g a s o l i n e s  w e r e  o b t a i n e d  i n  t h e  
p r e s s u r e  r a n g e  1 7 5 0  t o  2500 psi ( T a b l e  111) A maximum y i e l d  o f  
7 7 5  of g a s o l i n e  was  o b t a i n e d  a t  500°C and 3000 p s i  p r e s s u r e  b u t  
t h e  h i g h e s t  q u a l i t y  p r o d u c t  c o n t a i n i n g  60% a r o m a t i c s  and  13% i so -  
p a r a f f i n s  was  f o r m e d  a t  450°C a n d  2000 psi  p r e s s u r e  w h i c h  c a n  c o m -  
p a r e  w e l l  w i t h  t h e  premium g r a d e  g a s o h n e  f r o m  p e t r o l e u m  ( T a b l e  IV). 

- K i n e  t i c :  s 

, 

E q u i l i b r i u m  was  reached a t  d i f f e r e n t  t i m e  p e r i o d s  a t  d i f f e r e n t  
t e m p e r a t u r e s  w i t 1 1  r r s p e . c t  t o  g a s o l i n e  f o r m a t i o n  b u t  t h e  c o n v e r s i o n  
w a s  100"; i l l  t h e  case .  o f  s u ' l f u r  and n i t r o g e n  r e m o v a l  (Figures 8 t o  
l o j .  The s u l f u r  and  n i t r o g e n  r e m o v a l  r e a c t i o n s  a r e  n o t  g o v e r n e d  b y  
thermodynamic: l i m i  t a t i . o n s  b u t  a r e  l i m i t e d  o n l y  b y  k i n e t i c  f a c t o r s  
under .  t h e  e x p e r i m e n t a l  c - o n d i t i o i l s  employer l .  P l o t s  of log v e r s u s  
t i m e  ( F i g u r e s  7 1  t o  lj), where  'talt  is t h e  e q u i l i b r i u m  c o n v e r s i o , n  i n  
c,ase o,f gaso l in r :  antl i n i t i a l  c o n c e n t r a t i o n  i n  case  o f  s u l f u r  and  
r i i t r o g e n , .  a rc  l i n e a r  antl the h y d r o c r a c k i n g  r e a c t i o n s  w i t h  respect 
t o  , o a s o l l n e  f o r m a t i o n  anti r e m o v a l  of s u l f u r  a n d  n i t r o g e n  a r e  a l l  
f i r s t - p r d e r  . 'P l i e  f i r s t . ; o r d C r  r a t e  c o n s t a n t s  a r e  t h u s  r e p r e s e n t e d  
b y  e q u a t j o r l s  1 t o  3 .  

i 
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E ks ( S u l f u r )  d ( S u l f u r ]  
d t  

m i  t r o g e n j  
d t  = k n  ( N i t r o g e n )  

where  l l k g , 1 7  rcks, l r  and t rkn lr  a r e  r a t e  c o n s t a n t s  f o r  g a s o l i n e  forma- 
t i o n  and  r e m o v a l  o f  s u l f u r  and n i t r o g e n  r e s p e c t i v e l y .  T h e r e  was no 
c h a n g e  i n  t h e  c o n c e n t r a t i o n  of  h y d r o g e n  i n  t h c  s y s t e m  d u r i n g  t h e  

I 

c o u r s e  of the r e a c t i o n  s i n c e  t h e  h y d r o g e n  p~ e s s u r e  w a s  m a i n t a i n e d  I 
, c o n s t a n t  t h r o u g h o u t  l l q d r o g e n  a t o m s  may b e  i n v o l v e d  i n  the  r a t e -  

d e t e r m i n i n g  s t e p  b u t  % h e  ir c o n c e n t r a t i o n  c o n s t i t u t e s  o n e  of the  
c o n s t a n t  f a c t o r s  i n  t h e  r a t e  c o n s t a n t  t e r m  and d o e s  n o t  show u p  i n  
t h e  r a t e  e q u a t i o n .  l l owever .  h y d r o g e n  a c t u a l l y  t a k e s  p a r t  i n  t h e  
h y d r o c r a c k i n g  r e x  t i n o s  dnd , h e n c e ,  @\he r e d c  t i o n s  a r e  c o n s i d e r e d  
p s e u d o - f  1 I st o r d e r  

I 
I 

The h y d r o c r a c k  i r i g  r e a c t i o n s  u n d e r  s t u d y  fo l low t r u e  A r r h e n i u s  
t e m p e r a t u r e  d e p e n d e n c e  ( F i g a ~ r e  14) and t h e  r a t e  c o n s t a n t s  c a n  b e  
r e p r e s e n t e d  b >  e q ? l a t i o n s  4 t o  6 .  

kg = 0 1567 x 1 0 6  e 17:600/RT h r s  ( 4  1 
( 5 )  
( 6 )  

14 500 /RT h r s  -1 

hn I 0 4 7 j E  x l o 5  E 15.900/RT hrs. . l  

k, = c? 2134 x L O 5  e 

The f o l l o w i n g  v a l u e s  c,f e n t h a l p i e s  and e n t r o p i e s  of a c t i v a t i o n  were 
c a l c u l a t e d  b y  tht E y r i  ng e q u a t i o r l  p l o t b n g  l og  k’/T v e r s u s  T ( F i g u r e  
1 5 )  

A H g  = 16,200 c a l  / m o l e ,  asg  = 4 3  5 e.u. 
A l l s  = 12,200 c a l  /mole, ASs = -44.9 e . u  

411, = 14,QOO c a l  /mole, ASn = 45 9 e - u .  , 
L i n e a r  r e l a t i o n s h i p  w a s  f o u n d  b e t w e e n  k g ,  k s ,  and k n  ( F i g u r e  1 6 )  
and c a n  b e  r e p r e s e r i t e d  by e q u a t i o n s  7 t o  9 

A m a j o r  p a r t  of  tile g a s o l  iiie is e x p e c t e d  t o  be fo rmed  b y  t h e  c r a c k -  
i n g  o f  h y d r o c a r b o n s ,  b u t  a m i n o r  p a r t  comes from t h e  d e c o m p o s i t i o n  
of  some of  t l l t  s l i l f u r ,  o x y g e n .  and  n i t r o g e n  compounds.  The y i e l d  
of g a s o l i n e  t h u s  tle.peritls, t o  some e x t e n t ,  o n  t h e  r e m o v a l  of s u l f u r  
and n i t r o g e n  a n d  t h i s  may r e s u l t  i n  some s o r t  o f  i n t e r r e l a t i o n s h i p  
b e t w e e n  k g ,  k s ,  and  k l l .  The d i s s o c i a t i o n  e n e r g i e s  of t he  C-C, C-S, 
and C-.X bonds  may a l s o  have  some i n f l u e n c e  o n  t h e  a b o v e  r e l a t i o n -  
s h i p ,  e s p e c i a l l > -  b e t w e e n  k, and k n .  However,  t h e  r e s u l t s  p r e s e n t e d  
i n  t h i s  p a p e r  do n o t  t h r o w  muc.li l i g h t  o n  t h e  e f f e c t  of o t h e r  t e m -  
p e r a t u r e  and p r e s s u r e  c o n d i t i o n s  and  e q u a t i o n s  7 t o  9 a r e  n o t  con- 
s i d e r e d  t o  b e  h a v i n g  much q u a n t i t a t i v e  s i g n i f i c a n c e  a t  t h i s  s t a g e .  



I 

33. 

The e n e r g i e s  and E n t h a l p i e s  of a c t i v a t i o n  i n d i c a t e  t h a t  c h e m i -  
c a l  r e a c t i o n s  b u t  n o t  p h y s i c a l  p r o c e s s e s  a r e  r a t e - c o n t r o l l i n g .  The 
p r o b a b l e  chemi c a  1 re. a c  t i o n s  oc c u r r . i n g  d u r i n g  h y d r o c r a c k i n g  are  
c r a c k i n g ,  . i s o m e r . i z a t i o n , .  h y d r o g e n a t i o n ,  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n ,  
and d e h y d r o g e n a t i o n ,  a l l  t a k i n g  p l a c e  on  t h e  c a t a l y s t  s u r f a c e .  Under 
t h e  e x p e r i m e n t a l  c o n d i t i o n s  employed  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n ,  
and d e h y d r o g e n a t i o n  a r e  v e r y  muc.h s u p p r e s s e d  a n d  may be e l i m i n a t e d .  
I t  h a s  been  e s t a b l i s h e d  by Weirz  and P r a t e r  ( 1 9 5 7 )  and Keu lemans  

I and Voge (19.59) t h a t  r e a c t i o n s  o c c u r r i n g  on a c i d i c  s i tes of t h e  
1 , d u a l - f u n c t i o n a l  c a t a l y s t ,  l i k e  t h e  o n e  used  i n  t h i s  i n v e s t i g a t i o n ,  ? a r e  r a t e - d e t e r m i n i n g  wh.ich e l i m i n a t e s  t h e  p o s s i b i l i t y  of h y d r o g e n a -  

t i o n  r e a c t i o n s  t o  b e  r a t e - . l i m i  t i n g .  Hence.  c r a c k i n g  r e a c t i o n s  
i n v o l v i n g  t h e  b r e a k a g e  o f  c h e m i c a l  b o n d s  and t h e  i s o m e r i z a t i o n  
r e a c t i o n s ,  wl!ere i n  s k e l e t a l  r e a r r a n g e m e n t  o f  c a r b o n i u m  i o n s  t a k e s  

I p l a c e ,  must  b e  r a t e - l i m i t i n g .  ' It is known t h a t  i n  c a t a l y t i c  h y d r o -  

! t i o n  of  t h e  c r a c k e d  f r a g m e n t s  occurs w i t h o u t  a n y  c h a n g e  of t h e  

1 9 6 0 ) .  An excess o f  b r a n c h e d  isomers t h a n  c a n  b e  p r e d i c t e d  b y  
the rmodynamic  e q u i l i b r i u m  a r e  a l s o  f o r m e d ;  t h e  l a t t e r  c a n  o n l y  
h a p p e n  i f  t h e  i s o m e r i z a t i o n  of t h e  c r a c k e d  f r a g m e n t s  c a n  o c c u r  
v e r y  r a p i d l y  and l e a v e  the c a t a l y s t  surface w i t h o u t  a p p r e c i a b l e  
r e a d s o r p t i o n .  T h a r e f o r e . ,  t h e  i s o m e r i z a t i o n  is b e l i e v e d  t o  be v e r y  
r a p i d  and c a n n o t  b a  r a t e - c o n t r o l l i n g .  HPnce, t h e  c r a c k i n g  reac- 
t i o n s ,  i n v o l v i n g  t h e  b r e a k a g e  of  c h e m i c a l  b o n d s  o n  t h e  c a t a l y s t  
surf a c e ,  a r e  r a  t e - d e  t e r m  i n i n g  . 

I c r a c k i n g ,  c r a c k i n g  p r e c e d e s  i s o m e r i z a t i o n  and o n l y  t h e  i s o m e r i z a -  

) u n c r a c k e d  m a t e r i a l  ( F l i n n ,  e t  a l e ,  1 9 6 0 ,  and A r c h i b a l d ,  e t  a l . ,  
,I 

) 

- A c  k no w l e d  Pmen t 

The r e s e a r c h  work r e p o r t e d  i n  t h i s  p a p e r  was s p o n s o r e d  b y  t h e  
U. S .  O f f i c e  of  C o a l  R e s e a r c h  and  t h e  U n i v e r s i t y  of U t a h .  

, 
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T a b l e  1, P r o p e r t i e s  o f  Feed M a t e r i a l  

sp. g r .  ( 2 5 0 C !  
T a r  a c i d s ,  v o l  % of  f e e d  
T a r  b a s e s ,  w t .  % o f  f e e d  
S u l f u r ,  w t .  % of f e e d  
h i t r o g e n ,  w t .  % o f  f e e d  
D i s t i l l a t i o n  d a t a  

1 . B  P , O C .  
50% d i s t i l l a t e  
P i t c h  p o i n t  
R e s i d u e ,  vole % of f e e d  

H y d r o c a r b o n  t y  e s  i n  n e u t r a l  
f r a c t i o n  200' t o  360°C, v o l a  % 

S a t u r a t e s  
O l e f i n s  
A r o m a t i c s  

0 " 9 9 4 2  
30 .o  

3 . 5  
0 . 6 9 8 4  
0 . 4 0 1 8  

200 
298Oc 
360°C 

3 0 . 0  

3 2 . 0  
1 9 . 0  
4 9 . 0  

I' 

I 
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T a b l e  11. I n f l u e n c e  of T e m p e r a t u r e  on P r o d u c t  D i s t r i b u t i o n  
( P r e s s u r e ,  1 5 0 0  psi) 

Temp. (OC.) 4 0 0  
’ R e a c t i o n  T i m e ,  hrs. 1 3  

Y i e l d ,  v o l .  % o f  
f e e d  

G a s o l i n e  
Diesel o i l  
T a r  a c i d s  
T a r  b a s e s  
R e s i d u e  
G a s  ( i n c l u d i n g  

S u l f u r ,  w t .  Z 
o f  f e e d  

N i t r o g e n ,  w t  
% o f  f e e d  

l o s s e s )  

4 5 . 0  
3 5 . 0  

2 . 0  
1 . 0  

1 2 . 0  

4 . 5  

0 . 0 4 8 9  

0 . 0 9 2 4  

C o m p o s i t i o n  of  
g a s o l i n e ,  v o l .  % 

Aroma t i c s  3 3 . 5  
Ka ph t h e  n e s  1 0 . 0  
O l e f i n s  2 . 0  
I s o p a r a f f i n s  2 5 . 5  
K - p a r a f f i n s  2 9 . 0  
Diesel i n d e x  of 

d i e s e l  o i l  4 0 . 0  

4 2 5  
1 2  

5 1 . 0  
2 9 . 0  

1 . 0  
0 -  5 

1 2 . 0  

6 . 5  

0 IO210 

0 . 0 4 4 2  

3 5 . 0  
9 . 0  
3.0 

2 6 . 0  
2 7 . 0  

3 7 . 5  

450  
10 

5 6 . 0  
2 4 . 0  

1 3 . 0  

7 . 0  

0 . 0 1 4  

0 . 0 3 2 1  

3 4 . 0  
1 0 . 5  

2 . 0  
2 6 . 0  
2 7 . 5  

3 4 . 0  

4 7 5  
8 

6 1 . 0  
2 0 . 0  
I 

- 
1 1 . 5  

7 . 5  

0.0135 

0 . 0 2 0 1  

3 2  - 0 
1 0 . 0  

2 . 0  
2 7 . 0  
2 9 . 0  

3 1 . 0  

500 
5 

6 4 . 0  
1 6 . 0  - 
- 

1 2 . 0  

8 . 0  

0 . 0 1 3 6  

0 . 0 1 6 3  

3 3 . 0  
1 0 . 0  

4 . 0  
2 5 . 0  
2 8 . 0 ,  

2 8 . 0  

- I s o b u t a n e  
Pi-butane 1 . 0  1 , 2 5  1 - 4 5  1 . 5 1  1 . 7 5  
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1 CERAMIC FgRNACE 
2 L I Q U ' 3  S A M P L l h G  TCBE 
3 GAS S A M P L I N G  TLBE 
4 THERMOMELL 

6 C O O L l h G  JLCKET 
7 MAUP-ETiC DRIVE ASSEMBLY 
8 SHAFT 
9 IMPELLER 

5 COOLING CClL 

Figure 1. Assembly of equipment 
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IO h r s .  a t  4 5 O o C . ,  8 h rs .  a t  47S°C., 
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F i g u r e  3. E f f e c t  o f  p r e s s u r e  on p r o d u c t  d i s t r i b u t i o n  
R e a c t i o n  t i m e ,  13 h r s .  a t  4 0 0 o C .  

IO h r s .  a t  4 5 0 O C .  
5 h r s .  a t  50OoC.  
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Figure  4. Effect of pressure on product distribution 

Reaction time, 13 hrs. at  400 C 
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Figure 5. Effect of pressure on the yield of gasoline and 
hy'drocarbon types - Temperature, 400 C 
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Figure 6. Effect of pressure on the yield of gasoline and 
hydrocarbon types - Temperature, 450 C 
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Figure 7. Effect of pressure on the yield of gasoline and 
hydrocarbon types - Temperature, 500 C 
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Figure 8. Effect of reaction time on gasoline formation 
Pressure, 1500 psi 
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F i g u r e  9. ' E f f e c t  o f  r e a c t i o n  t i m e  on d e s u l p h u r i z a t i o n  
Pressure ,  1500 p s i .  

I I I I I I I I 

0 4  8 12 16 2 0  24 28 32 36 
TIME, HRS. 

Figure 10. Effec t  of reaction time on denitrogenation . .  

Pressure, 1500 psi 
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Figure Y. Plot of first-order equation f o r  gasoline formation 

2.0 - 

1.8 - 

1.6- 

1.4- 

1.2 - 

0 7  
lo 1.0- 
0 
0 - 

0.8 - 

0.6- 

0.4 - 

0.2. 

01 
0 2 4 6 8 10 12 14 16 18 20 

TIME, HRS. 

Figure 12. Plot of first-order equetion for desulphurization. 
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F i g u r e  13.  P l o t  o f  f i r s t - o r d e r  e q u a t i o n  f o r  d e n i t r o g e n a t i o n  
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Figure 14. Arrhenius plot for gasoline formation, 
deeulphurization and denitrogenation 

. . . 

. .  . . .., - .  ~ 

. _ I  

. . -  . _  . .  

. .  . . . . . .  . .  . 



46. 

- 2.81 

1.NITROGEN 
2. SULFUR 
3. GASOLINE 

-4.01 1 i i 

I/T x 103 

Figure 15. E y r i n g  plot for gasoline formation, 
desulphurization and denitrogenation 
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F i g u r e  16. R e l a t i o n s h i p  between r a t e  c o n s t a n t s  
P ressu re ,  IS00 p s i .  
Temperature,  400°, 4 2 5 O ,  450°, 475' and 50OoC.  


